typically live in freshwater and are faced with the same osmo-and ionoregulatory problems of animals occupying this habitat. A characteristic feature of ionic regulation in most freshwater animals is the capacity to transport certain ions across boundary epithelia against an electrochemical gradient.
In adult anurans this capacity is well developed with both Na+ and Cl-being actively transported across the intact skin ( 13). On teleological grounds one might expect a comparable system in tadpoles. However, several reports over the past 40 years indicate that tadpoles do not share this capacity with adults. Adolph (1) h s owed that adult frogs (Rana pipiens, R. catesbeiana) gain weight in certain concentrations of salt solutions, whereas tadpoles, under comparable conditions, lose weight. In bullfrogs this change in response occurs at about stage XXII (27) . Th ese results have been interpreted in terms of the absence of a powerful ion-transporting system in larvae and its appearance late in metamorphosis (6). Krogh (15, 16) f ound that young tadpoles (R. temporaria) are unable to accumulate Cl-after salt depletion in contrast to adults in which the capacity is well developed.
He suggested that tadpoles depend on food to balance the salts lost by diffusion and in the urine. More recently, Taylor and Barker (26) have shown that the bioelectrical correlates of active ion transport in isolated frog skin do not appear until late metamorphosis.
The above data indicate the absence of active salt absorption in tadpoles. However, evidence collected in this laboratory shows that this conclusion is untenable (2). The objective of this report is to present evidence that transport of both Na+ and Cl-into tadpoles living in dilute salt solutions is thermodynamically active.
MATERIALS AND METHODS
Animals. Bullfrog tadpoles, at various stages of development, were collected near Corvallis, Oregon. They were staged as described by Taylor and Kollros (27) and kept, unfed, in dechlorinated tap water (containing 0.2-0.4 rnM NaCl) or in artificial pond water ( 1.3 mM NaCl, 0.8 mM CaC12, 0.1 mM KCl, and 0.2 mM NaHCOa).
The temperature was 20-24 C but was controlled within & 0.5 C for a given experiment.
Analyses. Serum was diluted 100 times and analyzed for Na+ and K+ by flame photometry (precision & 1%) and for Cl-with an Aminco-Cotlove chloridome ter (precision =t 1%). Total solute was determined on undiluted samples of serum with a Mechrolab vapor-pressure osmometer (precision rt 3 %). The concentration of ammonia in the bath was determined by direct nesslerization of 2-ml samples (precision zt 2 %). Ammonia determinations were made only over the first 6-l 2 hr after placing the animals in a fresh (ammonia-free) bath. Fluxes. Sodium influx was measured with 22Na. The isotope (1 PC) was added to a bath of 100 ml, and lo-ml samples were withdrawn after specified intervals. Each sample was transferred to a planchet, evaporated to dryness, and the time required to accumulate 10,000 counts was determined with a gas-flow Geiger counter (precision =t 1%). Separate bath samples were analyzed for [Na+] by flame photometry and the net flux (Mnet) was determined from these values. The influx (Mi) was calculated from the rate of diminution of radioactivity in the bath as described by J$rgensen et al. ( 12). The influx was calculated for each interval.
If errors were noncompensating and maximal, the error in an influx measurement over a single interval would be about ~30 %. Of course it is unlikely that errors would combine in this fashion. Furthermore, we measured fluxes over several intervals and on groups of animals. The efflux (MO) was calculated from the relation : Drinking. Tadpoles were placed in a bath of tap water with inulinJ4C added ( 1 PC/ 100 ml). After specified intervals animals were removed, rinsed, anesthetized, and the digestive tract was removed. Wet and dry weights of the digestive tract (with contents) were obtained. The dried tissue was pulverized and placed in a flask. Water was added, and the inulin was extracted at 2 C for 24 hr. After centrifugation, a sample of the supernatant and the bath was plated and assayed for radioactivity ( 10,000 counts). The rates were standardized to 10 g of animal. Serum was also checked for radioactivity; none was found. Perfusion of gill chamber. Tadpoles were tranquilized in 0.1% tricaine methanesulfonate.
A polyethylene tube (PE 240) was tied into the mouth so that fluid could be perfused into the mouth, through the gill chamber, and out the spiracle. The animals were placed, ventral side up, on a piece of rubber screening so that fluid leaving the gill chamber dropped into a container below with a minimum fusion rate, it was possible to estimate the influx of the ion in question :
where: Mi = influx, pEq/hr; F = rate of perfusion, ml/hr; Ra 3 Re = radioactivity of affluent and effluent solutions, respectively, counts/min per milliliter; C 8 = concentration of ion in affluent solution, pEq/ml.
The difference between R, and R, , which is the critical measurement in these experiments, depends upon the flow rate (F). After preliminary experiments, we selected a flow rate of 25 ml/hr.
This provided a measurable difference between R, and R, at least for Na+ and at the same time kept the animals alive throughout the experiments (3-4 hr). We have not been able to find references on the normal rate of ventilation of the gill chambers of tadpoles. Samples of the effluent solution were taken at lo-to 20-min intervals. After each sample, the lower container (effluent) was emptied. The affluent solution was sampled at the beginning and the end of each experiment.
Duplicate samples of each solution were plated on aluminum planchets and counted ( 10,000 counts). The precision of plating and counting was & 1%. The analytical error associated with the measurement of Mi over a single interval may be as high as =t40 %. Chemical analyses for [Na+] and [Cl-] in the affluent and effluent solution provided an estimate of Mnet . The efflux was calculated from equation 1.
As a check we perfused the gill chambers with solutions containing inulin-14C or 35S-labeled Na2S04 , neither of which would be expected to penetrate epithelia and found that R, and R, did not differ by more than 2 % (n = 8). The average deviation from the mean of 10 samples of effluent solution (R,) measured over 3 hr was less than 1% of the mean. When 22Na was tested R, was 5-8 % lower than R, (F = 25 ml/hr).
RESULTS
Ionic composition of body fluids. Figure  1 at various stages. There is a curious reduction in all three parameters between stages XIV and XVII for which we have no explanation. Potassium concentration in serum is 4.3 * 0.02 mEq/liter (n = 74) with no observable difference with respect to stage. Sodium, Cl-, and K+ account for 85-90 % of the total solute in serum. Relative to tap water or pond water (PW), serum is markedly hyperosmotic and hyperionic with respect to Na+ and Cl-. The ratio of concentration in serum to concentration in bath (Ci/C,) for animals in tap water is over 400 for both Na+ and Cl-. In PW it is 70 for Cl-and 80 for Na+. Since these ratios are maintained in the absence of food and these ions are exchanged with the bath (see below) one of them must be actively transported and a sizable transepithelial potential difference would have to exist in order for either of them to be passively distributed. 50 -potential appears abruptly at about stage XXII. Earlier than this, the inside is negative to dilute bathing solutions ( -5 to -10 in PW). As Na+ is increased in the bath, there is a slight decrease in negativity in tadpoles, but the inside does not become positive over the concentration range we studied. For tadpoles in NazS04 solutions, the pattern is similar to that in NaCI. At 0.5 mM NazS04 the body fluids were negative to the bath by 5-12 mv (n = 3). In 1 mM KC1 solution the body fluids were also negative by 5-10 mv ( n 3) 1; exhzanges. Figure 3 shows the net exchanges of Na+, Cl-, and K+ between a representative tadpole and its bath (tap water) over a period of 3 weeks. There is an initial net loss of Na+ and Cl-probably associated with handling, followed by a period during which a steady state is approximated for Cl-and the net loss of Na+ is very slow (about 0.1 pEq/hr). Potassium is lost at a rate of about 0.3 pEq/hr with no apparent tendency to approach a steady state. (Fig. 4C) . The influx is comparable to that of animals in PW. Salt-depleted tadpoles experience a net uptake of Na+ from 0.5 mM NazS04, which can be attributed primarily to an elevation in Mi (Fig. 4D) .
In no case does M,/Mi exceed 2 in the above experiments whereas Ci/C, exceeds 65 in all cases. In order for the fluxratio equation to be satisfied with respect to Na+, the body fluids would have to be negative to the bath by 87 mv (28). This is at least 5 times greater than the potential measured in intact tadpoles under our experimental conditions, indicating that Na+ is actively transported.
Sodium transport can be independent of Cl-transport. In separate studies we found that SOa (35S-labeled) penetrates very slowly into intact tadpoles. Thus the inward transport of Na+ probably involves exchange with an endogenous cation, possibly NHd+ or H+. Ammonia excretion in tadpoles (stages X-XVr) in 1 mM NaCl is about 3.5 rt 0.5 pmoles/ 10 g-hr (n = 10). Figure 5 , A and B, shows the Cl-fluxes in PW-acclimated and salt-depleted tadpoles immersed in PW. The PW-acclimated animals approach a steady state whereas the saltdepleted animals enjoy a positive Cl-balance. There is also a Cl-influx from 1.0 mM KC1 comparable in magnitude to that in PW, and salt depletion stimulates the uptake (Mi) of Cl-from KC1 (Fig. 5, C and D) . Application of the fluxratio equation reveals that transport of Cl-from a bath of 1 .O mM NaCl or 1 .O mM KC1 to the body fluids of tadpoles is an active process (28). Potassium is lost during the net uptake of Cl-from 1 .O mM KC1 so that, under these conditions, Cl-transport involves exchange with another anion. Correlated with the appearance of the Na+-transport system is a marked increase in the resistance of the skin (Table  2) . This is also reflected in the Na+ and Cl-fluxes which are reduced.
Apparently one of the features associ- ated with the differentiation of the skin into a transport epithelium is a decrease in its permeability to ions. Gut. Tadpoles drink the bath. Inulin in the bath did not enter the body fluids, but water extracts of the excised gastrointestinal (GI) tract contained inulin. The drinking rate was 0.14 =t 0.02 ml/ 10 g-hr (n = 7). Measurements were made after 4-22 hr of immersion in the labeled bath with no appreciable differences. We were unable to obtain a direct estimate of the volume of water in the lumen of the GI tract, but obviously it cannot exceed the total water content of the excised GI tract. By dividing the total water (ml) into the total inulin in the gut, a minimum estimate of the concentration of inulin in the gut fluid can be obtained and compared with the concentration in the bath. The inulin concentration in the gut was 66 =t 20 % (n = 7) higher than in the bath. Thus of the 0.14 ml of water drunk per hour by a 10-g tadpole, at least 0.06 ml'is absorbed.
In dilute bathing media such as tap water or PW, the gut cannot be a major site of accumulation of Na+ and Clunless food is present. Since these animals can maintain Na+ and Cl-balance, in the laboratory at least, in the absence of food, there must be other sites of exchange.
Gill chamber. A distinct influx of Na+ was observed when the gill chamber was perfused with tap water (0.2 mM Na+) containing 22Na (Table  3) . The influx was markedly elevated in salt-depleted tadpoles. Injection of G-strophanthin or K-strophanthin (0.2 mg/animal, intraperitoneally) reduced the influx by about 30% in nondepleted tadpoles and 50-60% in salt-depleted tadpoles; the efflux was not affected. The efflux of Na+ across the gills is variable depending primarily on the bleeding which sometimes occurred during stitching of the mouth. However, even in the worst cases M,/Mi did not exceed 29, whereas Ci/Co exceeded 400 in all cases. Thus the flux-ratio equation is not satisfied (28).
Chloride influx in the gill chamber of nondepleted tadpoles is below the reliable detection limits of our method (Table 3) . However, in salt-depleted tadpoles the influx is clearly present. The potential difference between the body fluid and the bath does not approach that required by the flux-ratio equation so that Cl-must also be actively transported.
DISCUSSION
Living in pond water without food, larval bullfrogs are able to maintain Na+ and Cl-balance for prolonged periods.
Potassium is lost at a slow rate and, in nature, must be replaced by feeding. Sodium and chloride balance can be maintained in the face of concentration gradients exceeding 100, whereas the flux ratio (M,/MJ for these ions seldom exceeds 2. The flux-ratio equation is not satisfied for either ion so that both must be actively transported.
Sodium and chloride exchange at a rate of about 24 pmoles/ 10 g-day (PW-acclimated tadpoles in PW) which corresponds to about 5 % of the total Naf in a 10-g animal and about 14 % of the total Cl-. The rates can be increased at least 3 times by pretreating the animals in distilled water. This salt-depletion response is characteristic of a number of freshwater animals ( 16). The mechanism is not clearly understood but endocrine control may be involved (5). The active transport of Na+ and Cl-into tadpoles may occur independently.
Since Na+ can be accumulated from Na2S04 solutions and Sod= is not taken up at a measurable rate (unpublished data) there must be an exchange mechanism. A Na+-NHd+ exchange system has been proposed for crayfish (23), teleost fish ( 18), and adult frogs ( 16). Tadpoles excrete ammonia at a rate commensurate with such a system. On the other hand adult frogs are ureotelic, excreting about 15 % of their total nitrogenous waste as ammonia ( 19). The existence of a Na+-NHd+ exchange system in adult frogs has recently been questioned because of the low ratio between NHJ+ excreted and Na+ absorbed through the skin. At least in some species there is evidence for a Na+-H+ exchange system ( 10, 11). We found that adult bullfrogs (stage XXV) excrete ammonia at a rate of about 0.5-1.0 pmole/lO g-hr when they are in PW or 0.5 mM NazS04. This is a maximum rate because of the possibility of decomposition of other nitrogenous wastes over the 5-10 hr of measurement.
Nevertheless it seems possible that at least a fraction of the Na+ exchanged could be with endogenous NH*+.
Net quantities of K+ are lost from tadpoles during the net accumulation of Cl-from 1.0 mM KCl. This indicates an anion exchange system. We have not analyzed this but it is possible that a Cl--HC03 or a Cl--OHexchange could occur as has been suggested for some other freshwater animals (11, 15, 18, 21, 24) .
A correlate of active ion transport in most freshwater animals which have been studied is the development of an electrical potential difference between the body fluids and the bath. The inside may be negative as in the eel in freshwater ( 17), or positive as in adult anurans and larval and adult urodeles (3, 8, 13). In larval anurans (in freshwater) the body fluids are negative to the bath by 5-10 mv. The ionic basis for this potential has not been determined. During late metamorphosis (stage Xx11) the inside becomes positive to the bath, and there is a large body of experimental evidence that this potential is generated by active transport of ions across the skin (29). The appearance of the potential in vivo at stage XXII correlates perfectly with the development of the potential across the isolated skin as described by Taylor and Barker (26) and confirmed by us. Of course, a low potential difference or the absence of a potential does not preclude the possibility of active ion transport. Diamond (7) has shown that transport of Na+ and Cl-across the mammalian gall bladder is active but that there is no potential difference across the membrane.
Flux studies on isolated skins bathed on both sides with bath and the animal, the gills remain as the only exposed nature of the transport systems in the gills, particularly with reference to the capacity to transport Na+ and Cl-independently?
These problems are being investigated. 
